Abstract-A new reciprocal heuristic diffraction coefficient for lossy dielectric wedge is presented which is applicable to arbitrary positions of transmitter and receiver in a complex channel environment. The prediction obtained using proposed coefficient is compared with those obtained using rigorous Maliuzhinets' solution. The comparison shows significant improvement over available heuristic coefficients. The coefficient is valid for both parallel and perpendicular polarizations. Further, the measurement of the electric field in the vicinity of edge of the building is carried out, and the measurement result, thus obtained, is compared with predictions using the proposed coefficient.
INTRODUCTION
Success of mobile radio communication highly depends on accurate prediction of intermediate channel. In this context, deterministic propagation modeling is becoming a potential tool to accurately model dense urban scenario [1] . Deterministic model involves: (i) approximation of the individual urban scatterers by geometries for which canonical solutions are available, (ii) application of ray tracing tool. Geometrical Theory of Diffraction (GTD) [2] and its extension Uniform Theory of Diffraction (UTD) [3] are two extensively used tools to deterministically model diffraction phenomenon in propagation channel. Heuristic extension of UTD for dielectric wedge was proposed by Luebbers [4] to incorporate wedge with different conductivity and permittivity. Holm [5] further improved the coefficient by redefining the multiplying factor of the coefficient and also included additional term to consider the case of grazing incidence. This resulted in the coefficient that was close to the accurate rigorous Maliuzhinets coefficient [6] in the deep shadow region. However, in the illumination region, it was not accurate. In addition to that, it did not satisfy reciprocity requirement. El-Sallabi et al. [7] modified the coefficient by defining the incident and reflected angle used in the calculation of Fresnel reflection coefficient. The coefficient was close to the rigorous solution, however, it was not reciprocal. Daniela et al. [8] modified the Holm's coefficient by considering the reflection angle as suggested by Aidi et al. [9] . The coefficient was reciprocal only when the transmitter (Tx) and receiver (Rx) were on opposite side of the wedge. The coefficient was in good agreement with the Maliuzhinets' solution, however, it still lacks accuracy in some particular regions e.g., in deep shadow region [8, Fig. 5] and illumination region [8, Fig. 2, Fig. 3] . Moreover, the coefficient was compared with Maliuzhinets' solution for right-angle wedge case only.
For the case of impenetrable wedges with impedance boundary conditions, rigorous solutions are introduced by Maliuzhinets [6] and presented in UTD-like form in [12, 13] for the incidence of a plane wave and line source illumination respectively. However, these solutions led to rather involved formulations are applicable only to limited number of canonical configurations. For a wedge with arbitrary angle, the Maliuzhinets special function is cumbersome to compute which is a major deterrent to the use of rigorous theory of diffraction [6, 12, 13] in propagation prediction tools for wireless communication.
In this paper, we define reflection angles to calculate Fresnel reflection coefficient used in the computation of the diffraction coefficient and their regions of applicability in the entire exterior angle range of wedge such that overall the coefficient becomes efficient and perfectly reciprocal. This paper is organized as follows: Section 2 discusses briefly about diffraction coefficients of Holm [5] , Daniela [8] . Section 3 deals with novel proposed diffraction coefficient. In section 4, detailed numerical discussion is given and proposed solution is compared with our measurement and published measurement. Section 5 concludes the work.
HEURISTIC DIFFRACTION COEFFICIENT

Holm's Heuristic Diffraction Coefficient
In [5] , Holm proposed a modification to the Luebbers' coefficient which resulted in good agreement in the deep shadow region. Holm's soft (s) and hard (h) heuristic coefficient are given as:
The components D i (i = 1, . . . , 4) of diffraction coefficient in [3] are defined as:
where
n are the Fresnel reflection coefficient for 0-face and n-face of dielectric wedge and are given as:
Incidence angle θ 0 and θ n are defined as:
Here, the angles φ and φ are the incident and diffracted angle as defined in Fig. 1 . The factor G s,h 0 and G s,h n , to account for grazing incidence, are as follows: Figure 1 . Geometry for diffraction by a dielectric wedge.
Daniela Heuristic Diffraction Coefficient
In [8] , Daniela modified the Holms coefficient in order to make it reciprocal. Moreover, the definition of incident and reflected angle was taken as suggested by Aidi et al.. The definition of angles proposed by Aidi et al. is [9] 
With this definition of angles, the diffraction coefficient proposed by Daniela et al. [8] is given as:
n are related with the grazing incidence and are defined in (4). Reciprocity imposes M 1 , M 2 to be arranged as:
0 . Using the arrangement as described above, and by adopting the definition of incidence angle, better accuracy was achieved and coefficient was reciprocal when the Transmitter (Tx) and Receiver (Rx) are on either side of wedge faces. However, it was not reciprocal when both the Tx and Rx were on the same side of faces.
NOVEL HEURISTIC DIFFRACTION COEFFICIENT
In this approach, we are dividing the complete exterior angle nπ in three parts. The region-1 is (φ + φ ) ≤ π and region-2 is
The division of these three region is based on the position of reflection shadow boundaries (RSB) for 0-face and n-face of the wedge [3] and definition of angles is based on the requirement of accuracy of heuristic coefficient in the corresponding region and also noting that it makes the coefficient perfectly reciprocal. The following table summarizes these regions and definition of incidence and reflected angle in each of the region: Table 1 . Definition of angle involved in the calculation of Fresnel Reflection coefficient.
To meet reciprocity, the multiplying factor is arranged as follows: For region-1 and region-3, reciprocity imposes following conditions:
and in the region-2, reciprocity requires:
Here, R n are calculated using incident angle θ 0 and θ n as per Aidi and Lavergnat angular definition [9] . The justification of using these multiplying factors is as follows:
Reciprocity requires that "Exchanging the position of the source and observation point must not change the diffraction coefficient (See Fig. 2) i.e., Hence condition for reciprocity requires that:
Considering the diffraction coefficient parameters
in (2), we see that for region-1 and region-3, φ ↔ φ leads to
Further, the reflection coefficients R 0 and R n are also mutually interchanged (See Table 1 Fig. 3 . Here, in the first case, wedge angle is taken to be 10 • and for given incident angle of 35 • , observation point is moved in a circle of radius 1.5 m with tip of wedge as a centre. In the second case, the source and observation points were interchanged and keeping observation point constant at 35 • , source is moved in a circle with same radius as in previous case. From the Fig. 3 , it is quite obvious that diffracted field in both of the cases is exactly same, thus, making coefficient perfectly reciprocal.
NUMERICAL RESULT
Comparison with Accurate Rigorous Maliuzhinets Diffraction Coefficient
In this section, usefulness of novel coefficient is demonstrated. The novel coefficient is compared with accurate rigorous Maliuzhinets' solution as a reference.
Maliuzhinets' solution is obtained using [12, (9) ] where rigorous solution is presented in UTD-like form. Maliuzhinets special function used in [12, (9) ] is obtained using numerical computation method described in [14, (7)]. The proposed coefficient is further compared with Holm's and Daniela coefficient in order to show improvement over latter two. The wedge is characterized with conductivity σ = 0.001 S/m and ε r = 8. Operating frequency is 5 GHz. The distance of source and observation point was taken to be 1.5 m each from the tip of wedge. Keeping the source at given angle, the observation point was moved at the step of 3 • to obtain diffracted field. In order to show reciprocity, the source point and observation point were interchanged and keeping observation point at given angle, source point was moved at the step of 3 • . Edge tip was the centre of the circle. For comparison purpose, the wedge angle is chosen to be 90 • and 150 • . Both the TM (Soft) and TE (Hard) polarization are considered. In the present analysis, the wedges are taken to be 90 • and 150 • and incident angles are 45 • , 135 • and 145 • . Diffracted field is calculated using the formula E d = D * exp(−jkr 2 )/ √ r 2 with r 2 a distance from wedge tip to observation point and unit incident field is considered at wedge diffraction point. Fig. 4 and Fig. 5 show the diffracted field pattern for the 90 • wedge and incident angle 45 • with both TM and TE polarization. Here, a clear improvement can be seen in illumination region where both Holm and Daniela are differing from Maliuzhinets coefficient. Figs. 6 and 7 are for the 150 • wedge and incidence angle 145 • . In this scenario, the novel coefficient gives better result in deep shadow region where Daniela result is differing significantly in deep shadow region. In other region, predictions of all coefficients are almost same except Holm which gives poor prediction in illumination region. Figs. 8 and 9 show the comparison of proposed coefficient with other heuristic coefficients for 90 • wedge angle and incident angle 135 • . A clear improvement can be seen in deep shadow region especially in Fig. 9 where Daniela coefficient shows sharp discrepancy with Maliuzhinets' solution.
Comparison with Measurement
The measurement was carried out to verify the accuracy of the proposed diffraction coefficient. To reduce the influence of unwanted factor, the building site was chosen to be isolated building where nearby there was no scattering objects such as tree, pole etc.
The experiments consisted of measurement of path loss due to presence of building between Tx and Rx antennas. The rooftop diffraction was neglected as the transmitter and receiver heights were much smaller than building height. The area immediately adjacent to the building was also flat. This made measurement track layout easy. The layout of measurement planning is given in Fig. 10 and Fig. 11 shows the photograph of building site where measurement was carried out.
Measurement was taken at every 1m along the track starting from line-of-sight (LOS) where direct, reflected and diffracted rays were present, crossing the shadow boundary and entering well in the shadow region where only diffracted fields were present. The measurement set up used in this paper includes a wideband signal generator (9 kHz-3.3 GHz) that operates at 900 MHz with signal output 10 dBm and is capable of producing CW, AM, FH and pulse modulated signal. An amplifier (10 MHz-26.5 GHz) with 20 dB gain was used to boost up signal level from +10 dBm to 30 dBm and high precision Spectrum analyzer (N1996A, 100 kHz-3 GHz) was used to record the field strength of received signal.
In order to ensure that no unwanted signal is interfering with our frequency of operation, the data were recorded when RF was ON and when RF was OFF. When RF was OFF, the signal level fell to noise margin indicating the absence of any other signal at our frequency of operation. Figure 12 shows the predicted and the measured result of the electric field strength in the shadow of building. For the prediction, the proposed diffraction coefficient was used with ray tracing. The wall material was modeled with conductivity σ = 1 × 10 −3 S/m and relative permittivity ε r = 6. The value of ε r is consistent with the range 5 ≤ ε r ≤ 7 suggested by measurement in [11] . Rooftop diffracted signal is ignored as the transmitter and receiver heights are much smaller than the building heights. It is noted that there is good agreement between prediction results and the measured data.
Comparison with Published Measurement [10]
To further validate the proposed coefficient, the comparison is made with published measurement in [10] . Here, the diffraction from rightangled brick wedge with conductivity σ = 0.01 S/m and relative permittivity of ε r = 4.0 is considered. Transmitter is a vertically polarized, ground based open ended wave guide fed with 30 GHz CW constant level signal. Incident angle of source is φ = 5 • and the edge is 1.5 m away from transmitter. The observation point is moved along a circular path and measurements are taken at a distance of s 2 = 10λ = 0.01 m as shown in Fig. 13 . Fig. 14 shows comparison between predicted field strength obtained by proposed coefficient and published measurement in [10] . We see that the prediction is in good agreement with measurements. Figure 14 . Comparison of prediction of electric field amplitude with published measurement [10] , (vertical polarization).
CONCLUSION
In this paper, a novel heuristic diffraction coefficient is presented which is efficient and reciprocal. The coefficient is shown to agree well with the accurate rigorous Maliuzhinets' solution. Comparison has been made for right angle and non-right angle wedges. It is shown that the proposed coefficient is perfectly reciprocal and is more accurate than that of Daniela and Holm in both the illuminated and deep shadow regions. To further validate the coefficient, the measurement was carried out in the vicinity of building, and prediction is found to be in good agreement with the measurement. Finally, the predicted field strength is compared with the published measurement, and prediction is found to agree well with the measurement. Thus, it is hoped that the proposed coefficient may find suitable application in modeling of radio propagation channel.
